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Chapter 1 
 
General Introduction 
 
 
Abstract 
 
A common molecular decay mechanism is the breaking of the 
bond between two atoms in a molecule, releasing atomic and/or 
molecular fragments after the absorption of one or more photons; a 
process known as photodissociation. Photodissociation plays an 
important role in many processes such as the photochemistry of 
atmospheres and interstellar space. This thesis deals with the 
photodissociation of several polyatomic molecules using pulsed 
ultraviolet and vacuum ultraviolet light and characterizes the 
produced fragments using the velocity map imaging method in order 
to gain deeper insight into photodissociation mechanisms in 
increasingly larger molecules. 
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1.1 Goal of this thesis 
Chemical reaction dynamics has been a very active field in 
physical chemistry and chemical physics research during the last few 
decades.1 This field of research has provided crucial support for 
modeling atmospheric chemistry, interstellar chemistry as well as 
combustion chemistry. The developments made in this field have also 
greatly enhanced our understanding of the nature of unimolecular and 
bimolecular chemical reactions, and intermolecular and 
intramolecular energy transfer processes. 
The goal of this PhD research project is to improve our 
understanding of the photodissociation of the simple polyatomic 
molecules CO2, CH3OH and CH3SH. We expose these samples to 
pulsed laser light and study atomic oxygen and methyl radical 
products using the sensitive and highly informative detection scheme 
called velocity map imaging with time-slicing. This research builds on 
previous work from our laboratories on diatomic molecular and 
radical photodissociation. It is an interesting path to investigate the 
secret of the photodissociation of “larger and larger” molecules. 
The research described in this thesis was carried out in two 
locations: Nijmegen and Dalian, where both labs had the same goal of 
extending photodissociation imaging to increasingly larger molecules. 
The CH3SH work began in Dalian and was extended in Nijmegen, 
while the CO2 and methanol work was solely done in Nijmegen. 
1.2 Photodissociation 
The fragmentation of a bound molecule through absorption of 
one or more photons is called photodissociation. 2  The 
electromagnetic energy of the light beam is converted into internal 
energy of the molecule and if the transferred energy exceeds the 
binding energy of the weakest bond, the molecule will irreversibly 
break apart. With the high intensity available from present-day pulsed 
lasers several quanta of the laser light photons can be absorbed before 
dissociation or other processes take place. 
When a parent molecule, AB, absorbs n photons, the excited 
molecule AB* usually follows one of several reaction pathways: 
1.2 Photodissociation 
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AB+nhvÆAB*ÆA+B            photodissociation     (1)
ÆAB++e-            ionization     (2)
ÆA+B++e-       dissociative ionization     (3)
ÆA-+B+          ion-pair formation     (4)
ÆAB’+hv’           radiative decay     (5)
 AB*+CÆAB+C’Æ...    collisional relaxation    (6)
In this thesis, we will study process (1), using process (2), 
ionization, to detect nascent photofragments. Process (3) is also 
observed in our studies, especially following multiple photon 
absorption.  Process (4), ion-pair formation, is known to occur for 
some molecules under conditions similar to those of our study, this 
process must be considered as a means for formation of the detected 
species B+. Excited molecules AB* that do not dissociate and/or 
ionize are not detected in our study, these can eventually decay by 
processes (5) or (6). 
The formula describing process (1) includes a separate 
intermediate state AB* in order to connect photodissociation to other 
two-body processes in chemistry such as reactive scattering. For 
polyatomic dissociation we can write ABC+ hQ ÆABC*Æ A+BC or 
AB+C, where ABC* represents a transition state in the reaction 
process. Photodissociation is viewed in this way as the second step in 
a collision process involving ABC*, via AB+CÆABC*ÆA+BC.
Photodissociation can thus be seen as a half-collision or unimolecular 
reaction3. Hence, photodissociation investigations can also provide 
information about chemical reactions. In chemical reactions the 
reagents AB and C collide in many different geometric configurations, 
eventually forming the intermediate complex ABC* that subsequently 
decays into the scattered products. However, in photodissociation one 
prepares the complex directly from molecule ABC and thus starting 
from a much more restricted geometry. This geometry is projected 
onto the multidimensional excited ABC* surface based on the 
Franck-Condon principle. By comparing the properties of fragments 
formed by photodissociation with those formed by the chemical 
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reaction one can extract information on the energy landscape of the 
ABC* reaction surface.
1.2.1 Kinetic energy distributions 
The major part of the total photon energy, nhQ , for n photon 
absorption leading to photodissociation goes to breaking the bond 
between the two parts A and B as process (1). Here, A and B represent 
either atoms or molecules with internal degrees of freedom of their 
own. Bond breaking requires a fixed amount of energy, called the 
dissociation energy ( 0D ). The remaining energy, 0nh DQ  , the 
so-called available energy, is distributed over the internal energy of 
the atoms or molecules intE and the kinetic energy of the 
fragments kinE .
According to energy conservation 
int int int 0(AB) (A) (B) (A) (B)kin kinE nh E E E E DQ        (1-1) 
Where, 2A A
1
(A)
2kin
E m v  and 2B B1(B) 2kinE m v .
According to momentum conservation 
A A B B 0m v m v                      (1-2) 
From equation 1-1 and 1-2, we can get the kinetic energy of fragment 
A
B
0 int int
A B
(A) ( (A) (B))kin
m
E nh D E E
m m
Q        (1-3) 
In equation 1-3, nhQ is accurately defined. Generally 
speaking, 0D of small molecules is well known. If we could determine 
the kinetic energy distribution of selective quantum state of fragment 
A, the correlated quantum state distribution information of fragment 
B is available. 
1.2.2 Angular distributions  
The product internal state distributions and the branching ratios 
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5 
towards formation of the various chemical and electronic channels 
belong to the category of so-called scalar properties which are defined 
without reference to a particular coordinate frame. They have a 
magnitude but no direction. However, since the electromagnetic field 
vector E of the photolysis laser defines a specific direction in the 
laboratory frame, all the vectors inherent to a photodissociation 
process can be measured relative to E . Under normal laboratory 
conditions the polarization E of the laser is chosen to be parallel to 
the z direction of the laboratory frame E zǼ e .
The vectors of interest in photodissociation are: 4
The transition dipole moment function of the parent molecule, ȝ
The recoil velocity vector of the fragments, Ȟ
The rotational angular momentum vector of the fragment, j
Vector correlations in photodissociation contain a wealth of 
information about the symmetry of the excited electronic state as well 
as the dynamics of the fragmentation. One of the most important 
vector correlations is the angular distribution of the photofragments 
(  E ȝ v correlation), i.e., the relation between the recoil 
velocity Ȟ and the polarization vector E 5, which is described for a 
simple one-photon absorption process as 
2( ) [1 (cos )]4
d
P
d
V VT E TS :           (1-4) 
where 1 2E d d is the anisotropy parameter, 22 1 [3 1]2P x  is the 
second-order Legendre polynomial, and T is the angle 
between E and Ȟ . In Equation (1-4) /d dV : is the angle-dependent 
differential photodissociation cross section and V is the integral 
photodissociation cross section obtained by integration 
of /d dV : over the full solid angle: .
Generally, an allowed one-photon transition between two 
electronic states of a diatom is directed either parallel or 
perpendicular to the molecular axis, depending on the symmetry 
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properties of the initial and the final states. For example, the diatomic 
molecule electronic transitions 6l 6 and 3l3 are parallel 
transitions, but3l6 is a perpendicular transition. For a parallel 
transition the transition dipole moment vectorȝ lies in the direction of 
the internuclear axis of the diatom and for a perpendicular 
transitionȝ lies perpendicular to the internuclear axis. LetT  be the 
angle between E andȝ , then the probability for the absorption of a 
photon is proportional to 2cos T . Thus, the molecules with their dipole 
moments parallel to the photon polarization are preferentially excited. 
Hence, the excited molecules are aligned in the laboratory frame after 
absorption of the photon. If this excited diatom dissociates in a 
timescale shorter than a rotation period, this alignment of the excited 
molecule implies an alignment of the recoil velocity Ȟ since the recoil 
velocity Ȟ is directed along the internuclear axis for a diatom. As a 
result, the relation between Ȟ and E is described as a function ofT  if 
the molecule dissociates immediately after absorption of a photon. 
This function is proportional to the angular distribution of the 
photofragments ( )
d
d
V T: and is given by 
2cos T  for a parallel transition 
and by 2sin T for a perpendicular transition. For a general transition 
the angular distribution of products can be described with the 
formulas 1-4 reported by Zare and Hershbach.6
The anisotropy parameterE  ranges from -1 for a perpendicular 
transition to +2 for a parallel transition. These limiting cases usually 
appear only if the dissociation is significantly faster than the time for 
a complete rotation of the molecule, which is called direct 
photodissociation. In addition, a single electronic state must be 
excited to obtain the extreme values of theE  parameter, a mixture of 
electronic states leads to less extreme values of the anisotropy 
parameter even with fast photodissociation. Measuring the value 
of E provides therefore information on the type of dissociation and the 
mixing of electronic states with different symmetries involved in the 
excitation step.  
Further vector correlations, which elucidate subtle details of the 
absorption and the subsequent fragmentation, exist 
1.3 Experimental methods 
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betweenȝ and j and between Ȟ and j , respectively.  
1.3 Experimental methods 
The symmetry of the excited state, its lifetime, and the velocity 
and angular distribution for each internal state of the fragments, and 
their correlations, are important information for photodissociation 
dynamics. In order to determine these parameters to highest accuracy 
one needs to start with a single internal state of a zero-velocity parent 
molecule and excite it with a well-polarized narrow bandwidth laser. 
Various kinds of experimental methods are used to help approach 
these conditions.  
Molecular beams7 
A molecular beam is produced by expanding a gas into vacuum 
through a small hole, the nozzle. It has the advantage that all 
molecules travel in the same direction with nearly the same velocity. 
The introduction of supersonically molecular beam technology made 
the preparation of molecules in their lowest electronic and 
rovibrational states possible as well. Furthermore, the transverse 
velocity (perpendicular to the propagation direction) is close to zero 
for supersonic expansions. By collimating the beam tightly this 
transverse velocity spread can be kept quite small (speed 
ratio~40@1220m/s for liquid N2 cooling HD beam) at the interaction 
area with secondary laser or molecular beams. 
LIF and emission spectroscopy 8,9,10,11,12 
The photodissociation of many small molecules has been 
previously studied using fluorescence detection, which also yields 
detailed information on photodissociation processes. If the lifetime of 
the excited state is long enough, AB( ) AB* AB( ) 'nh hD Q J Q o o  ,
process (5), is possible, where the emitted photons can be collected; 
this is called laser induced fluorescence (LIF). Both the parent 
molecules and the photodissociation products can be probed by LIF. 
The velocity of the fragments can be determined using Doppler 
spectroscopy, which detects the fragments via LIF. The LIF spectrum 
therefore gives information about the velocity and angular distribution 
of the formed particles. This technique is very sensitive for a limited 
number of molecules, in particular OH + fluorescence imaging. 
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H-atom Rydberg tagging TOF 13,14,15,16 
H-atom Rydberg tagging time of flight is a technique with 
excellent resolution (~0.12%, HI@212.55 nm), but limited essentially 
to H/D atom detection. Product H-atoms are detected through a 
two-step efficient excitation scheme without ionization. The 121.6 nm 
vacuum ultraviolet (VUV) light used in the first step excitation is 
generated with a two-photon resonant ( 1 22Z Z ) four wave mixing 
scheme in a Kr/Ar gas cell.17 Following the first excitation step, the 
H-atoms are sequentially promoted to a long lived (~500 sP ) high 
Rydberg state with 50n | using 365 nm laser light in near saturation. 
The two excitation laser beams must overlap exactly both in space 
and time. Then the neutral Rydberg H-atoms fly a certain TOF 
distance until they reach a microchannel plate (MCP) detector with a 
grounded fine metal grid in the front. After passing through the grid, 
the Rydberg H-atoms are immediately field-ionized by the electric 
field applied between the front plate of the Z-stack MCP detector and 
the fine metal grid. The signal received by the MCP is then counted 
by a multichannel scaler. In this way the neutral fragments do not 
influence each other. Because of the long lifetimes of Rydberg states, 
the experimental flight time can be much longer, which improves the 
resolution dramatically.
REMPI spectroscopy18,19,20,21 
The resonance enhanced multiphoton ionization (REMPI) 
spectroscopy technique quantifies the photofragment molecular 
excitation by ionization as a function of wavelength in order to obtain 
the population distribution of the internal energy states of the 
fragment.REMPI usually uses a tunable ultraviolet (UV)-visible laser 
to reach by a resonant single or multiple photon absorption excited 
electronic states followed by another photon which non-resonantly 
ionizes the atom or molecule. The ionization potential of most atoms 
or small molecules is more than 10 eV (wavelengths shorter than 
~124 nm). Single photon ionization requires thus a short wavelength 
VUV photon. REMPI would otherwise require difficult to produce 
VUV photons. Because the REMPI laser is polarized, it also provides 
information on the polarization of the fragments with respect to the 
excitation laser polarization. 
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REMPI ‘tags’ the state-specified fragment by ionization so that it 
can be detected by velocity mapped ion imaging (VMI).  Because an 
electron is removed, the nascent velocity of the neutral fragment is 
hardly changed by the ionization step; this velocity information now 
in the ion is imaged at the VMI detector. 
Velocity map imaging22,23,24,25,26 
The velocity map imaging technique can be explained as a 2D TOF 
technique using REMPI to ionize the fragments and a position 
sensitive detector for collecting the particles. This technique can 
determine velocity distributions and angular distributions 
simultaneously and with high resolution. The technique will be 
described in detail in Chapter 2. 
1.4 Motivations for the choice of molecules studied 
Two polyatomic molecules were chosen for study: carbon 
dioxide and methanol. Carbon dioxide is highly stable and the end 
product of combustion, and it is highly symmetric with essentially 
only two product channels: CO+O(3P) and CO+O(1D). REMPI probe 
methods for each photofragment are well known. Methanol, CH3OH,
is a very important molecule in the photochemistry of ice-covered 
grains in interstellar space. Both CO2 and methanol absorb only in the 
vacuum UV (<200nm), which limits their dissociation studies to the 
available wavelengths of 193 and 157 nm.  However, CH3SH, which 
is isovalent with CH3OH, absorbs in the near UV where tunable 
dissociation lasers are available. A main fragment from both isovalent 
molecules is the methyl radical, CH3, which is easily probed by 
REMPI20. It is the combination of important molecules with 
sufficiently high symmetry that absorb light from available lasers and 
create fragments that are detectable by REMPI that determined the 
choice of carbon dioxide, methanol and methyl mercaptan. Previous 
studies have been carried out on all three molecules, which makes 
comparison of results using our method with other types of 
experimental methods possible.  
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Outline of this thesis 
Chapter 2 contains a description of the experimental method used in 
this work. In chapter 3 the photodissociation of CO2 at 157 nm is 
described for the lowest product channel, CO+O(3P). In Chapter 4 
dissociation of methanol at 157 nm, producing OH+CH3 is described, 
followed by Chapter 5 where the equivalent photodissociation of 
CH3SH to SH+CH3 at 204 nm is studied. 
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Chapter 2 
Experimental Apparatus 
Abstract
Our experimental approach uses a pump-probe method where 
the pump laser dissociates the molecule and the probe laser is tuned 
to state-selectively ionize the nascent photofragments. The angular 
resolved velocity distributions of these fragments are then determined 
using velocity map imaging and time-sliced ion velocity imaging. 
These distributions provide very detailed information that is used to 
characterize the various fragmentation processes. A short description 
of the apparatus is given in this chapter. 
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2.1 Ion imaging 
Newton’s laws of energy (Eq.1-1) and momentum (Eq.1-2) 
conservation can be used to define the kinetic energy (Eq. 1-3) of a 
single quantum state of a photofragment created by laser 
photodissociation, AB A+Bhv o . If the velocity of the parent 
molecule AB is essentially zero using supersonic cooling, and AB is 
internally cooled to a single initial quantum state, then state-selective 
fragment detection will reveal so-called Newton (velocity) spheres 
shown schematically in Fig. 2-1, where mass A is less than mass B. 
The first dissociation event (Fig. 2-1a) sends fragment A upward and 
B downward, while event 2 sends the two again in opposite directions 
but now almost perpendicular to the vertical axis. If we could 
somehow arrange that all events 1, 2, 3, etc., start with the parent 
molecule AB located at the same point in space, then adding up the 
measurements of the A and B velocities for a large number of events 
(Fig. 2-1b), would result in a pattern that appearing on sphere A 
identical to the pattern observed for Newton sphere B. 
Figure 2-1: Schematic diagram of Newton sphere in center-of-mass 
frame1.
Based on this Newton sphere picture, Solomon introduced the 
2.1 Ion imaging 
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first photofragment imaging method as early as 19672. He detected a 
full three-dimensional (3D) photofragment angular distribution by 
observing chemical etching on the inside of a coated glass sphere. 
In 1987, Chandler and Houston3 made a major step with ion 
imaging, which opened a new window to investigate the secrets of 
molecular reaction dynamics. They ionized a Newton sphere of a 
certain fragment with a specific internal quantum state. 
Three-dimensional velocity distributions of ions are projected onto a 
two-dimensional detector to supply dynamic information. In 1997, 
Parker and Eppink4 designed a high-resolution variant called velocity 
map imaging (VMI). Since then on more variations of the ion imaging 
technique have come out: Kitsopoulos5, Liu6, Suits7,8, Janssen9,
Brouard10 and Vrakking11 have all introduced specific alterations to 
the original VMI design. These variations play important roles in 
molecular reaction dynamics to date.
2.2 Velocity map imaging and apparatus in Nijmegen 
2.2.1 Velocity map imaging 
Ion imaging took a great leap forward with realization of 
velocity mapping (VMI) of ionic Newton spheres. The approach of 
velocity map imaging for measuring Newton spheres from 
photodissociation is illustrated in panels (a)-(d) in Fig. 2-2. (a) The 
parent molecules seeded in a molecular beam are photodissociated by 
a linearly polarized laser with the polarization direction parallel to the 
detector face. (b) The photofragment Newton spheres are ionized by 
REMPI technique. (c) The ion spheres are projected onto a 
two-dimensional (2D) detector. (d) With the inverse Abel 
transformation, which will be introduced in next section, the 2D 
image is reconstructed back to the three-dimensional data of step (a). 
This slice through the middle of the Newton sphere is shown in 
(d) as either a false color 2D diagram or 3D contour diagram. With 
experimental slicing techniques, step (d) could be avoided such as in 
the time-sliced ion velocity imaging technique, which will be 
introduced in Section 2.3.
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Figure 2-2: Schematic diagram of two different projections from the 
distribution on a 3D Newton sphere to the 2D images. 
2.2.2 Reconstruction 2DÆ3D
i(x,y,z) in Fig. 2-3, a 3D Newton velocity sphere distribution, has 
a cylindrical symmetric axis z, and its velocity map image which 
contains the projection data p(x,z). The function s(x,y) is circularly 
symmetric because of cylindrical symmetric i(x,y,z) distribution. The 
projection of each slice s(x,y)=s(r), where 2 2 2r x y  , perpendicular 
to the z axis is a line f(x) in the 2D image if projected along the y axis. 
This procedure corresponds to the Abel transform 
2 2
( )
( ) 2
x
s r rdr
f x
r x
f
 ³                   (2-1) 
The original slice of the distribution can then be obtained by an 
inverse Abel transform12
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Figure 2-3: Schematic two-dimensional projection of the original 
three-dimensional cylindrically symmetric distribution. i(x,y,z) is 
three-dimensional distribution of Newton sphere and s(x,y) is a slice of 
the i(x,y,z). 
The inversion can be done line by line, thus allowing a full 
reconstruction of the original 3D distribution. The inverse Abel 
transform is obtained in practice by taking the inverse Hankel 
transform of the Fourier transform of each line of the 2D and the 
noise is always accumulated as a central noise line in the 
reconstructed distribution. Instead of using an inverse Abel transform, 
an iterative inversion scheme has been developed by Vrakking, which 
does not have the central noise line, thus further improving the quality 
of the reconstructed distribution. Another highly successful approach, 
the BASEX 13 , uses an expansion method for reconstructing 
three-dimensional images with cylindrical symmetry from their 
two-dimensional projections. The method is based on expanding the 
projection in a basis set of functions that are analytical projections of 
known well-behaved functions. BASEX and an improved variant 
polar-BASEX 14 , are most commonly used in present-day VMI 
studies.
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2.2.3 VMI ion optics 
Compared with the traditional ion imaging technique, velocity 
map imaging has two-fold advantage: open lenses with 100% 
transmittance are used, and the Newton spheres are superimposed, 
removing any sensitivity to the precise birthplace of the ions. 
Figure 2-4: Simulated ion trajectories and equipotential surfaces of 
the ion lens4.
The ion optics of the original VMI design are very simple, 
consisting of three electrodes—repeller, extractor, and ground (Fig.
2-4a). The equipotential surfaces of the fine adjusted ion lens set 
(VE/VR=0.75) look like a focal optical lens with a similar 
functionality—all particles with the same initial velocity vector are 
mapped onto the same point on the detector, irrespective of the point 
of origin. Fig. 2-4 gives an example of an ion trajectory simulation. 
Panel (a) shows the total view while (b)-(d) are zoomed in to show 
the details4. (a) The laser propagates along the y direction, causing a 
line source of 3.0 mm length (c), from which the end and middle 
points are chosen. From each point eight ions with 1 eV kinetic 
energy are ejected with 45 degree angle spacing (b), thus simulating a 
spherical expansion. At the focusing plane (d) ion trajectories of the 
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same ejection angle but different start positions come together! By 
placing a position sensitive detector in this plane, an image of the 
product distribution in velocity space appears. 
2.2.4 Apparatus in Nijmegen 
The apparatus, based on the original design of reference [15], is 
a compact instrument. A schematic diagram is shown as Fig. 2-5.
Figure 2-5: Schematic diagram of the laser and optical system for a 
pump-probe experiment used in this thesis. Abbreviations and details 
are given in the following text.  
The imaging apparatus contains a source chamber and a detection 
chamber, which are differentially pumped and separated by a 
skimmer with a 2 mm diameter aperture. The source chamber 
contains a Jordan valve. The detection chamber houses the interaction 
region which consists of a VMI lens, a grounded shielded flight tube 
and a 2D position-sensitive charged particle detector. The source 
chamber is pumped by a 1500 L/s diffusion pump, while the detection 
chamber is pumped by a 100 L/s turbo molecular pump. Both of the 
pumps are backed by a mechanical pump at a foreline pressure of 2.7 
Pa. The pressure of the detection chamber is 2.7x10-5 Pa without a gas 
load, and is less than 1.3x10-4 Pa while the pulsed valve is running. 
The pressure of the source chamber is 6.7x10-5 Pa without a gas load, 
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and is less than 2x10-3 Pa while the pulsed valve is running. A pulsed 
molecular beam is produced in a supersonic expansion collimated by 
a 2 mm diameter aperture skimmer. The diameter of the nozzle orifice 
is 0.5 mm and the distance between the nozzle and skimmer is 20 mm. 
The molecular beam is directed towards the detector, and the distance 
between the nozzle and the interaction region is 80 mm.
The laser system consists of a pump-probe setup. As shown in Fig.
2-5, we use an F2 laser (PSX-100, MPB, Neweks Ltd.) for the pump.
The laser provides ~0.1 mJ/pulse with 5 ns duration. The emergent 
beam size is 2h2 mm2. In our experiment, a thin film polarizer 
(TFP-25012H/72 degree) was introduced to produce linear 
polarization light. This VUV laser beam enters the vacuum chamber 
via a N2 purged pipe to avoid absorption of the 157 nm light by O2
and H2O molecules in the air, and focused by a spherical lens with 20 
cm focal length. The probe is the output of a tunable dye laser 
pumped by a second harmonic (532nm) of a Nd-YAG laser (Surelite 
III-10, Continuum). This Nd-YAG laser was running at a 10 Hz 
repetition rate and delivered a power of 150 mJ/pulse with 8 ns pulse 
duration and 0.5 ns jitter. DCM dye was used in the dye laser system, 
and delivered power of 15 mJ/pulse in the wavelength range 650-667 
nm. A KDP crystal was used to double the frequency of this dye laser 
and produced UV power of ~2 mJ/pulse. Both the pump and probe 
lasers are linearly polarized in the plane of the Fig. 2-6 (see arrows), 
parallel to the detector face (the time-of-flight axis is perpendicular to 
the figure plane). 
The ion optics is a typical velocity map imaging lens as shown in 
Section 2.2.3. It consists of three electrode plates with 70 mm outer 
diameters and 1 mm thickness. The diameter of the repeller plate hole 
is 2 mm and that of extractor and ground are 20 mm. The spacing 
between repeller, extractor and ground electrodes is 15 mm, and the 
spacing between the ground electrode and detector is 360 mm. 
The detector is a 2D position sensitive detector (Advanced 
Performance Detector, Burle) consisting of a ChevronTM-MCP 
(microchannel plate) and a phosphor screen (PS) combination of 40 
mm diameter. Charged particles or photons are converted to electrons 
by the MCPs and the electrons are converted to light signals by the 
P20 phosphor screen. The light signals are collected by a CCD 
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camera (Pixelfly, Cooke). 
Figure 2-6: O2 multiphoton dissociation/ionization at 224.999 using 
VMI to check the imaging resolution. 
A typical image used to check the apparatus resolution obtained 
from the apparatus in Nijmegen is shown as Fig. 2-6 where A is the 
raw image of photodissociation O2 at 224.999 nm and B is the 
inverted image from A. The arrow indicated shows the direction of 
the laser polarization, which is parallel to the face of the imaging 
detector. The sharp rings correspond to photodissociation of 
vibrationally excited O2
+ (v=6-25) ions formed (with minimal ion 
recoil) by 2+1 REMPI of O2.
Improved imaging resolution is possible using slice imaging. In 
the Nijmegen apparatus time-slicing is possible by time-delaying by 
50-200 ns the application of the repeller-extractor voltage after the 
laser has fired.  Better results are obtained by the weak dc-field 
extraction field described in the next section.  The best imaging 
resolution so far ('v/v=0.19%) was reported by Janssen and 
coworkers (Ref. 9) also using slice imaging. 
2.3 Time-sliced ion velocity imaging and apparatus in 
Dalian
2.3.1 Time-sliced ion velocity imaging 
For systems with cylindrical symmetry, an inverse Abel 
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transformation can be employed to reconstruct the desired 3D 
velocity distribution from a crushed 2D velocity map image. However, 
there are two problems: cylindrical symmetry is necessary (and not 
always present in the experiment) and the inversion process brings 
noise from the outer part of the image to the inner part (the middle 
line in Fig. 2-6B). The time-sliced ion velocity imaging technique, 
based on a weak dc extraction field, can solve the problems 
mentioned above. While maintaining traditional two-dimension 
velocity mapping, the third velocity component is mapped linearly to 
the ion time flight. 
Considering an ion in a homogeneous electrostatic field, zE , the 
turn around time, Rt , can be simply calculated as 
/ /R z z zt v a mv qE                      (2-3) 
where /za qE m , the acceleration of the ion and 0t is the TOF 
for 0zv  . The total ion TOF is written in good approximation as 
0 Rt t t                             (2-4) 
The turn-around time of a heavier ion is up to several hundred 
nanoseconds by a weak extraction field. This permits a fast gated 
MCP-PS detector (time resolution as good as 4.5 ns16) to select the 
longitudinal velocity—the center of a Newton sphere. This 3D ion 
imaging technique provides “direct 3D imaging” and can be used to 
study systems without cylindrical symmetry. 
2.3.2 Ion optics of time-sliced ion velocity imaging 
Fig. 2-7 shows an electric potential simulation of trajectories 
through the ion optics by Simion 3D version 7.0. A total 31 circular 
plates are used to create mainly two sections of homogeneous 
electrostatic field—a weak extraction field and a strong field. The 
weak field is applied to the location at which ions arise to produce a 
longer turn-around time. The strong field is to further accelerate the 
ions. The transition from the weak to strong field functions as a soft 
focusing lens. The condition for the 2D velocity mapping can be 
achieved by varying the ratio of the two fields. 
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Figure 2-7: Schematic diagram of slicing ion optics. The red curves 
are the equipotential surfaces of the surfaces, and the blue and green 
trajectories start from two different positions but (velocity) map to the 
same position on the detector.  
2.3.3 Apparatus in Dalian 
The apparatus, based on the original design of reference [17], is 
shown as Fig. 2-8.
The vacuum system is a single chamber design, which contains a 
pulsed valve (General valve, Series 9), a skimmer, the ion optics, 
TOF region, and the MCP-PC detector. The chamber is pumped by a 
1600 L/s turbo molecular pump and a 450 L/s turbo molecular pump. 
Both of the pumps are backed by a mechanical pump at a foreline 
pressure of ~2 Pa. The pressure of the chamber is 1x10-6 Pa without a 
gas load, and is less than 3x10-5 Pa while the pulsed valve is running. 
A pulsed molecular beam is produced in a supersonic expansion 
collimated by a skimmer with a 1 mm diameter aperture. The 
diameter of the nozzle orifice is 0.5 mm and the distance between the 
nozzle and skimmer is 22 mm. The molecular beam is directed 
towards the detector, and the distance between the nozzle and the 
interaction region is 80 mm. 
The laser system is a pump-probe setup. As shown in Fig. 2-8, we 
use the tripled output of a tunable dye laser (Lambda Physics 
LPD3000) pumped by a XeCl excimer laser (Lambda Physics 
LPX200) as the pump. The fundamental dye laser output is first 
frequency doubled in KDP crystal, then the doubled and fundamental 
dye laser radiation are mixed in BBO crystal, to optimize the sum 
frequency generation process. The laser provides ~0.1 mJ/pulse with 
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15 ns duration. The probe is the output of a tunable dye laser pumped 
by a second harmonic (532nm) of a Nd-YAG laser (Continuum 8000). 
This Nd-YAG laser running at a 10 Hz repetition rate and delivered a 
power of 70 mJ/pulse with 8 ns pulse duration and 0.5 ns jitter. DCM 
dye was used in the dye laser system, and delivered power of 20 
mJ/pulse in the wavelength range 650-667 nm. A KDP crystal was 
used to double the frequency of this dye laser and produced power of 
~5 mJ/pulse. 
Figure 2-8˖Schematic diagram of sliced velocity map ion imaging 
setup.
The ion optics follows the slicing design of Ref. 6. It consists of 31 
electrode plates with 60 mm outer diameter and 1 mm thickness. The 
inner diameter of the first plate is 2 mm, that of the second to the fifth 
are 18 mm, and that of the rest are 40 mm. All the spacing between 
plates are 9 mm, except for the third one and the fourth one (18mm). 
The weak field is 24.7 V/cm, while the strong field is 54 V/cm. 
The detector is a 2D position sensitive detector (Advanced 
Performance Detector, Burle) consists of a ChevronTM-MCP 
(microchannel plate) and phosphor screen (PS) of 40 mm diameter. 
Charged particles or photons are converted to electrons by the MCPs 
and the electrons are converted to light signals by the P20 phosphor 
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screen. The light signals are collected by a CCD camera (LaVision). 
Figure 2-9: Slice image 
of O2 multiphoton 
dissociation/ionization at 
224.999 nm using the 
Dalian apparatus. 
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State-to-State Correlations between CO(v)
and O(3Pj=0,1,2)
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Abstract
 
The spin-forbidden CO(v)+O(3Pj) channel produced by 157 nm 
photodissociation of CO2 was investigated by velocity map imaging. 
O(3P) images were measured for the three 3Pj spin-orbit states (j=0, 1 
and 2) and the CO vibrational state distributions that correlate to the 
O(3Pj=0,1,2) spin-orbit product were determined. Nearly all 
energetically allowed product CO(v) levels ( i.e. v8) are observed 
with minor differences in the CO vibrational distributions for the 
three channels. The angular anisotropy, which also shows minor 
differences for the three j channels, is found to decrease with 
increasing CO vibrational excitation, suggesting that the lower 
vibrational states are produced by photodissociation from a more 
linear OCO geometry. Fits to the total kinetic energy distributions 
suggest that the CO rotational energy is relatively cold. The overall 
results further suggest that the three spin-orbit pathways are not 
mixed completely in the exit channel.
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3.1 Introduction 
Carbon dioxide is an important molecule in both the earth 
atmosphere as one of the main greenhouse gasses, and it is also the 
main component of the Martian and Venusian atmosphere. While CO2 
photochemistry has received much attention, a full understanding is 
hampered by the complex nature of its electronically excited states. In 
the range of 120-200 nm there are two weak absorption bands from 
its 1 g
6 ground state to the low-lying 1 g3 , 1 u6 , 1 u'  and 1 g6 excited 
states 1 , each of which correlate adiabatically to O(1D)+CO(1Ȉ+) 
products. All of these transitions are electric dipole forbidden, but 
vibrationally allowed. Excitation of the bending mode causes the 
degenerate states to split into Renner-Teller pairs along the bending 
vibration coordinate; these states are stabilized in the bending 
geometry with equilibrium distances much longer than the CO2 
electronic ground state for the low-lying states.2,3,4 
The first electronic absorption band, beginning around 6 eV with 
a maximum near 8.4 eV, is quite irregular and spectrally diffuse.5 Our 
present photodissociation experiment performed at 157 nm (7.9 eV) is 
associated with this band, which corresponds most likely to an 
electronic transition from the ground state to the 1B2 surface derived 
from the1 u' state. 
Previous experimental studies showed that the main pathway of 
CO2 photodissociation following optical excitation between 120 and 
170 nm is the 1O( D)+CO channel. Slanger and Black6 established 
that the quantum yield for 1O( D) production is unity at 147 nm and 
131 nm for the spin-allowed process, 
1 1 1
2CO ( ) O( D) CO( )g hv
 6  o  6              (3-1) 
At photolysis wavelengths > 174 nm, Inn and Heimerl 7 
observed a unity quantum yield for the 3O( P) channel, suggesting that 
the 1O( D) channel for the CO2 photolysis is not open above this 
excitation wavelength. 
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The spin-forbidden process 
1 3 1 +
2CO ( ) O( P)+CO( Ȉ )g hv6  o             (3-2) 
should be very unfavorable in a triatomic molecule consisting only of 
first row atoms. Theoretical electronic structure calculations 8 , 9 
carried out for CO2 in the Franck-Condon region near the linear 
geometry, however, show the presence of conical intersections 
between electronic state surfaces in the spectral region of 120-170 nm. 
Non-adiabatic dynamics involving curve crossing from the optically 
excited singlet surface to triplet surfaces could thus play an important 
role in the photochemistry of CO2. 
In this chapter we compare our measurements with predictions 
from the simple model of Gordon and coworkers10,11; where optical 
excitation starts from the 1B2 surface and curve crossing occurs to the 
3B2 surface correlating with 3O( P) products. The rate of transition 
from the singlet to triplet surface, and hence the quantum yield for 
spin-forbidden 3O( P) , depends on the number of times the molecule 
passes through the intersection region, multiplied by the probability 
of jumping from the singlet to the triplet surface. Since the bending 
coordinate is highly excited in the optical excitation step, the 
molecule does not initially have a sufficient amount of energy in the 
dissociation coordinate to fall apart. The excited molecule is therefore 
in a “complex” state which lives for several vibrational periods. 
During this time the molecule has multiple opportunities to cross 
from one surface to the other. When the complex finally dissociates 
one would expect to obtain a statistical distribution of CO internal 
energy. 
Dissociation that is rapid compared to rotational motion should 
lead to highly anisotropic angular distributions of the fragments with 
respect to the internal direction of their optical excitation. The 
transition dipole moment in case of excitation to the 1B2 state is along 
the long axis of the bent CO2, implying a near parallel transition, and 
the fragments of a rapid dissociation from this geometry are ejected 
parallel to the electric field direction of the dissociation laser. At some 
distance along the reaction coordinate the molecule also passes 
through a spin-orbit recoupling zone where branching to the three 
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different O(3Pj) fine structure channels is determined. 
In this chapter we report measurements of the triplet channel, in 
particular, the correlations of the CO internal energy distribution and 
the product angular distribution, and their j channel dependence on 
the O(3Pj) signal. These reveal detailed information on the 
relationship between the electronic structure of the parent molecule 
and the dynamics of photodissociation.
In previous experiments Zhu and Gordon10 demonstrated in 1990 
the presence of O(3P) product in CO2 photolysis at 157 nm using a 
chemical scavenging method. The branching ratio of O(1D) and O(3P) 
was also determined to be 94:6 by molecular beam photodissociation 
studies. 12 , 13  In addition, Miller et al. 14  measured the CO 
rovibrational-state population from CO2 photodissociation at 157 nm 
using the laser-induced fluorescence technique. A non-statistical 
fine-structure population of O(3Pj) of 0.14, 0.16 and 0.70 for j=0, 1 
and 2, respectively was also observed using the REMPI-Doppler 
profile technique by Matsumi and coworkers11. While oxygen 3Pj=0,1,2 
products have also been detected in the photodissociation of a number 
of diatomic and triatomic systems15 ,16 ,17 ,18 ,19 ,20 ,21, no correlated 
information between the product vibrational levels and the O(3Pj) 
spin-orbital states for CO2 photodissociation has been obtained 
previously. In this work, we present experimental results on the CO2 
photodissociation using the velocity map ion imaging method22. The 
O(3Pj=0,1,2) product spin-orbit states are detected using (2+1) 
resonance enhanced multiphoton ionization (REMPI) detection. 
Combined with imaging this allows us to probe the spin-orbit state 
specific dissociation dynamics as well as the state-to-state correlation 
between CO(v) and O(3Pj=0,1,2) for CO2 photodissociation at 157 nm. 
 
3.2 Experimental methods 
We have performed CO2 photodissociation at 157 nm using a 
single molecular beam – velocity map ion imaging apparatus. The 
experimental setup used in this work has been described in Section
2.2.23,24 Briefly, the CO2 beam was produced by expanding a neat 
CO2 sample through a Jordan valve with a 0.5 mm nozzle. The CO2 
sample used here was rated 99.9% and was used without further 
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purification. At a distance of 20 mm downstream from the nozzle, the 
expanded beam passed through a skimmer with a 2 mm diameter 
aperture that separated the source and detection chambers. 60 mm 
downstream from the nozzle the collimated beam passed through a 2 
mm hole in a repeller electrode plate and propagated further along the 
axis of the 360 mm long time-of-flight tube of the ion imaging 
detector.
The CO2 molecular beam was intercepted by a 157 nm laser 
beam, which was generated by a commercial F2 excimer laser 
(PSX-100) with 10 Hz repetition rate. In order to avoid multiphoton 
complications, only about 0.1 mJ/pulse of the 157 nm photolysis light 
was focused into the CO2 beam with a CaF2 lens of 15 cm focal 
length. A commercial 157 nm thin-film polarizer (Laseroptik GmbH) 
was used to produce linearly polarized 157 nm light. The resulting 
oxygen fragments were photoionized about 20 ns later by a probe 
laser beam produced by doubling the output of a tunable dye laser 
(Radiant Narrowscan), which was pumped by the third harmonic of a 
Continuum Surelite Nd:YAG laser. The three 3Pj=0,1,2 spin-orbit levels 
of the oxygen atom products were detected via a (2+1)REMPI 
scheme25 at the probing laser wavelengths of 226.234, 226.058 and 
225.654 nm, respectively. About 0.2 mJ of the probing laser was 
focused into the CO2 photolysis region using a lens of also 15 cm 
focal length. During image acquisition, the probe laser was scanned 
over the Doppler profile of the chosen REMPI transition. 
The two laser beams were spatially overlapped at the CO2 beam 
at a position in the middle between the repeller and the extractor 
electrode. The electric field polarization directions of both lasers were 
set to be perpendicular to the time-of-flight axis. The images were 
collected by an imaging detector with dual 40 mm diameter 
multi-channel plates coupled to a phosphor screen. A cooled charge 
coupled device (CCD) camera was used to record the ion signals on 
the phosphor screen. 
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3.3 Result and Discussion 
3.3.1 Ion images 
 
Figure 3-1: Raw and inverted images of the spin-orbital O(3Pj=2,1,0) 
products from the photodissociation of CO2 at 157 nm. The rings 
features correspond to the vibrational states of the coincident CO 
product. 
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Fig. 3-1 displays raw (quadrant averaged) and inverted O(3Pj) 
images of CO2 photodissociation at 157 nm, obtained by 
accumulating the REMPI O+ signals over 50,000 laser shots with 
background subtraction. The background was taken using both lasers 
but without the molecular beam. The vertical arrow shows the 
polarization direction of the pump and probe lasers. No significant 
differences in the images were observed with the probe laser 
polarization perpendicular to that of the pump laser, indicating that 
the angular momentum alignment of the O atoms is small. Well 
resolved anisotropic rings are observed in the images and these 
structures are attributed to the vibrational states of the coincident CO 
product. From these direct images, inverted images were calculated 
using the p-Basex program26. 
 
3.3.2 Angular distribution 
 
Figure 3-2: Integrated (all speeds) product angular distributions for 
the O(3Pj=0,1,2) products. 
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Angular distributions were obtained for the three spin-orbit 
oxygen channels by integrating the imaging signals. The overall 
angular distributions for the three spin-orbital O(3Pj=0,1,2) 
micro-channels are equal. The overall anisotropy parameters were 
determined by fitting the angular distributions in Fig. 3-2. The 
averaged anisotropy parameters over the product velocity distribution 
are 1.07, 1.15, and 1.01 for the oxygen 3Pj=0,1,2 product channels, 
respectively. Within our error (E ~ r 0.1), they are quite similar. On 
average, our results are consistent with those of previous experiments. 
(Ref.12: E =1.25) These high anisotropy parameters show that the 
O(3Pj=0,1,2) channel is from a parallel electronic excitation. The 
transition state is only slightly displaced from linearity. 
 
3.3.3 Speed and total kinetic energy distributions  
 
Figure 3-3: O(3Pj=0,1,2) product speed distributions derived from the 
images shown in Figure 3-1. 
 
Angular integration of the inverted images yields the speed 
distributions (Fig. 3-3) of the oxygen fragments for the three 
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spin-orbit states in the center-of-mass (CM) frame. The CO 
vibrational distribution covers almost the full range of accessible 
levels, supporting a statistical model mentioned above. Clearly, from 
this data the CO bond length in the transition state of the dissociating 
CO2 molecule is very different from the bond length of the 
ground-state CO product (1.128 Å). 
The speed distributions in Fig. 3-3 were then converted into the 
CM total kinetic energy distributions, and the results were shown for 
the three individual spin-orbit levels of O(3Pj=0,1,2) in Fig. 3-4 The 
<Eint> are about 52%ˈ 54%ˈand 48% of the available energy 
(~19500 cm-1) 12,27 partitioned into CO internal energy for the j=2, 1 
and 0, respectively. These results are consistent with previous 
experiment. (Ref. 10) 
 
3.3.4 Population and angular distributions by vibrational states 
To abstract more information, a qualitative simulation of the 
energy distribution was carried out. Each rotational peak was 
simulated in energy space using a Gaussian lineshape of fixed energy 
width. Within one vibrational peak, the CO rotational state 
distribution was assumed to be a Boltzmann distribution. The 
rotational temperature and the intensity were varied to fit each 
vibrational peak. The fitting results obtained were also shown in Fig.
3-4. The fitting error is estimated to be about 10%, which is also 
reflected in the varying (rotational) widths of the vibrational peaks. 
The simulation reveals that the CO is not highly rotationally 
excited in the O(3Pj)+CO(v) channel. The relatively cold rotational 
temperature (~900 K) of the CO products for all three oxygen 
spin-orbit channels suggest that the transition state is quite close to a 
linear geometry for the dissociation process. The results that the CO 
rotational distributions for all three O(3Pj=0,1,2) spin-orbit levels are 
similar, suggests that the three spin-orbit oxygen channels have 
similar transition states in the dissociation. 
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Figure 3-4: The product total kinetic energy distributions (black 
empty circles) derived from the speed distributions in Fig.2 for the 
O(3Pj=0,1,2)+CO(v) channels. The red lines are the fitting results and 
the dash lines are the individual CO vibrational components. 
Chapter 3  Imaging CO2 Photodissociation at 157nm 
42
 
Figure 3-5: (a) Vibrational state distribution of the CO coproducts 
for different j states of the O(3Pj) product; (b) Relative anisotropy 
parameter for individual CO vibrational state correlated to the three 
O(3Pj=0,1,2) spin-orbit states.
 
From the simulations, the CO vibrational distributions for the 
three oxygen product 3Pj spin-orbit states are obtained (Fig. 3-5a). 
One can see clearly that the CO product vibrational state distributions 
are somewhat different for the product channels. In Fig. 3-5a one 
observes that CO vibrational distributions for j=0 and 2 are more 
similar to each other than to the j=1 distribution. There is obviously 
more vibrational excitation for j=1. Anisotropy parameters for the 
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individual CO vibrational state products that correspond to the three 
O(3Pj=0,1,2) spin-orbit states were also obtained (Fig. 3-5b). The 
anisotropy parameters for the three spin-orbit channels are generally 
similar but not exactly the same. The anisotropy parameters are 
translational energy dependent and decrease slightly as the CO 
internal energy increases. These results implies that the coupling 
between the singlet and triplet states that induces different spin-orbit 
pathways might not be exactly the same, thus causing slightly 
different dynamics for the different spin-orbit dissociation channels.  
3.4 Conclusion  
In summary, the CO(v)+O(3Pj=0,1,2) channel from CO2 photolysis 
at 157 nm has been investigated using the velocity map imaging 
technique. Well-resolved broad CO co-product vibrational 
distributions with relatively cold rotational distributions are observed, 
with minor but consistent differences for each spin-orbit channel, 
where j=0 and 2 show similar behavior compared to j=1. The overall 
anisotropy parameters are consistent with a parallel excitation. For 
each j state, the anisotropy parameters decrease slightly as the CO 
internal energy increases.  
These detailed correlated product state distributions of CO(v) 
and O(3Pj=0,1,2) should provide a very good testing ground for 
theoretical studies on this spin-orbit non-adiabatic dissociation 
process. The multiple surfaces crossing model referred to above is 
clearly too simple to explain all the data, but does qualitatively 
account for the vibrational distributions. The similar energy and recoil 
anisotropy distributions indicate that the couplings that control the 
intersystem crossing between the singlet and triplet surfaces that 
produce the three final spin-orbit levels should occur in generally the 
same area of the potential energy surfaces and are not mixed 
completely in the exit channel. Further interpretation awaits a more 
advanced ab initio theoretical treatment of the CO2 molecule.
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Abstract
The OH+CH3 product channel for the photodissociation of 
CH3OH at 157 nm was investigated using the velocity map imaging 
technique with the detection of CH3 radical products via (2+1) 
resonance enhanced photoionization (REMPI). Images were 
measured for the CH3 formed in ground and excited states (v2=0, 1, 2, 
and 3) of the umbrella vibrational mode and correlated OH 
vibrational state distributions were also determined. We find that the 
vibrational distribution of the OH fragment in the OH+CH3 channel 
is clearly inverted. Anisotropic distributions for the CH3 (v2=0, 1, 2 
and 3) products were also determined, which is indicative of a fast 
dissociation process for the C-O bond cleavage. A slower CH3 
product channel was also observed, that is assigned to a two-step 
photodissociation process, in which the first step is the production of 
CH3O(X2E) radical via cleavage of the O-H bond in CH3OH, 
followed by probe laser photodissociation of the nascent CH3O 
radicals yielding CH3(X 2A1 ,v=0) products.  
4.1 Introduction 
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4.1 Introduction 
Methanol, the smallest alcohol, is an important species in both 
the atmospheres of Earth1 and comets2,3,4, and in interstellar media5. 
The photochemistry of CH3OH has received considerable attention 
over the last two decades6,7. Vacuum ultraviolet (VUV) photolysis of 
methanol is also a challenging and interesting problem where 
multiple dissociation pathways on multiple electronic surfaces are 
likely. In addition, the relatively small number of electrons in 
methanol makes it amenable to high-level computational studies.  
 
Figure 4-1: The UV absorption spectrum of methanol, adapted from 
Ref. 8. The lower panel shows the absorption spectrum in the 
165-195 nm region. The broad continuum in this panel is attributed 
to the 3sm n transition. The upper panel shows the absorption 
spectrum in the 135-165 nm region. The spectral features have been 
assigned to the 3pm n transitions. The photolysis wavelength (157 
nm) in this work is indicated by the arrow. 
 
Numerous studies on the absorption spectra8,9,10 of methanol 
have been carried out. Nee et al. 8 reported an absorption spectrum of 
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methanol in the region of 105-200 nm. A weak continuous feature in 
the 165-195 nm region shown in the bottom panel of Fig. 4-1 has 
been assigned to the S1 (3s ĸ n) state. There are two sharp features, 
associated with the C-O stretching mode (spacing ~800 cm-1 in the 
151-163 nm region and ~1000 cm-1 in the 140-151 nm region), have 
been assigned to the component of the S2 (3p ĸ n) state. Sominska et 
al.9 reported absorption spectra of CH3OH, CH3OD, and CD3OD in a 
supersonic jet and assigned another vibrational mode (CH3 rocking) 
for the system in the region of 151-163 nm. For the wavelengths 
shorter than 140 nm, weak features are superimposed on a rising 
continuum, associated with transitions to higher Rydberg states.8 
 
 
Figure 4-2: Energy level diagram of methanol and energetically 
possible dissociation channels in this experiment. The available 
energy for a given channel is the difference in height between the 
photon energy and the channel enthalpy. See Ref.18 for more details. 
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Photodissociation studies under molecular beam conditions 
provide crucial information on the mechanism of photodissociation 
processes. 11  In the studies of the infrared multiple photon 
dissociation of methanol12,13, OH+CH3 initiated channel was also 
found as pyrolysis of methanol on the ground state. In photolysis of 
methanol at 193 nm, however, the dominant process is O-H bond 
rupture via the S1 state.14 In the photolysis of CD3OH at 193 nm, the 
ratio of H:D was determined to be 0.86:0.14; 82% of the total 
available energy was deposited into the translational degrees of 
freedom.  
Wen et al.15 detected H and D atoms from photodissociation of 
three isotopic variants of methanol using the high-n Rydberg atom 
time-of-flight (HRTOF) technique16. Their results were in reasonable 
agreement with the previous result by Satyapal et al.(Ref. [14]) 
Photodissociation of methanol at 157 nm via the S2 state is much 
more complicated. Fig. 4-2 shows an energy level diagram of 
methanol and at 157 nm a large number of dissociation channels are 
energetically possible. Harich et al.17 , 18  measured photofragment 
translational spectra of three isotopic variants of methanol using the 
molecular beam photodissociation apparatus, and revealed three 
different atomic H loss processes and three molecular hydrogen 
elimination channels. More recently, Yuan et al.19 studied the atomic 
hydrogen elimination channel using the H-atom Rydberg tagging 
technique. They observed vibrational structures for the H+CH3O 
channel. Lee et al.20 studied methanol photodissociation using a TOF 
molecular beam mass spectrometer and found that products angular 
distribution parameter ȕ is negative, which revealed that the transition 
dipole moment was likely perpendicular to the C-O-H plane at 157 
nm. 
Theoretical studies21-25 have also been performed on the 
dynamics of methanol photodissociation. Dissociation energies of the 
O-H, C-H, and C-O bonds of methanol computed with a modified 
coupled-pair-functional method are in good agreement with the 
experimental values21. Ab initio calculations22, 23 have been carried 
out for the three low-lying potential-energy surfaces (PES) of 
methanol. The S0 (bound) PES correlates with CH2O+H2 (18.1 
kcal/mol)24 which is the first energetically open dissociation channel. 
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The S1 PES has a large Rydberg character22 in the region near the 
equilibrium bond length and is purely repulsive in the O-H coordinate, 
consistent with the continuous character of the first absorption band 
of methanol. In the C-O coordinate, there is a dissociation barrier of 
0.58 eV, which prevents rupture of this bond on the S1 PES at 193 
nm15. Marston et al. 25 performed a wave packet calculation to 
investigate the function of initial vibrational excitation on S1. The 
relative branching ratio of CH3O+H versus CH3+OH depends on both 
the initial vibrational excitation of methanol and the photon energy. 
The S2 state is a bound state with an avoided crossing between S2 
(3pĸn) and S1 (3sĸn) near the equilibrium geometry along the O-H 
and C-O bond coordinates. 
For photolysis of methanol at 157 nm, the C-O bond cleavage 
channel was also observed.18, 20 Most recently, the 157 nm 
photoexcitation of solid methanol at 90 K was studied26. Using 
resonance-enhanced multiphoton ionization (REMPI) detection 
technique, the desorbed CH3 (v2=0) and OH (v=0,1) radicals were 
observed near the solid surface. However, information on the 
correlation between the vibrational levels of the OH and CH3 
products has not been obtained thus far for CH3OH photodissociation 
in the gas phase. Product pair correlations measurements have been 
shown by Gericke27, Morgan28 and Liu29 to carry insightful imprints 
of the concerted motions of atoms upon old bond rupture and new 
bond formation in chemical reactions. Similar insights into 
photodissociation processes can be expected, but in both cases a 
quantitative interpretation is contingent on the availability of accurate 
potential energy surfaces.
In this work, we present experimental results on the 
photodissociation of CH3OH at 157 nm using the velocity map ion 
imaging method 30 . The CH3 product was detected using (2+1) 
REMPI detection. In combination with velocity map ion imaging, this 
allows us to probe the CH3 vibrational state specific dissociation 
dynamics as well as the state-to-state correlation between OH (v) and 
CH3 (v2) in the CH3OH photodissociation at 157 nm.  
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4.2 Experimental Methods 
CH3OH photodissociation at 157 nm was studied using a 
velocity map ion imaging apparatus, which has been described in 
Section 2.2.31,32 A pulsed valve (Jordan) equipped with a 0.5 mm 
nozzle produced a ~100 ȝs pulsed molecular beam of CH3OH seeded 
in He at 1 bar stagnation pressure. The mixture was prepared by 
feeding the carrier gas through liquid CH3OH in a stainless steel 
bubbler (Fig. 4-3), held at 0 °C to obtain a CH3OH vapor pressure of 
~30 Torr. The CH3OH (99.9%) sample was purchased from Aldrich 
and the sample was used without further purification. At a distance of 
20 mm downstream from the nozzle, the expanded beam passes 
through a skimmer with a 2 mm diameter aperture that separated the 
source and detection chambers. About 60 mm downstream from the 
nozzle the collimated beam passed through a 2 mm hole in a repeller 
electrode plate and propagated further along the axis of the 360 mm 
long time-of-flight tube of the ion imaging detector. 
 
Figure 4-3: Schematic diagram of bubbler  
 
The CH3OH molecular beam was intercepted by a 157 nm laser 
beam, which was generated by a commercial F2 excimer laser 
(PSX-100) with 10 Hz repetition rate. In order to avoid multiphoton 
complications, only about 0.1 mJ/pulse of the 157 nm photolysis light 
was focused into the CH3OH beam with a CaF2 lens of 15 cm focal 
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length. A commercial 157 nm thin-film polarizer (Laseroptik GmbH) 
was used to produce linearly polarized 157 nm light. 
The resulting methyl radical fragments were photoionized about 
20 ns later by a probe laser beam produced by doubling the output of 
a tunable dye laser (Radiant Narrowscan), which was pumped by the 
second harmonic of a Continuum Surelite Nd:YAG laser. The methyl 
radical ground state was probed on the strong Q branch of the 000  
band [the (2+1) REMPI transition goes through the 3pz state]. The 
higher lying umbrella modes (probed on the 112 , 
2
22 , and 
3
32  bands) 
were measured as well.33,34 About 1 mJ of the probing laser was 
focused into the CH3OH photolysis region using a lens of 20 cm focal 
length. During image acquisition, the probe laser was fixed at the 
peak wavelengths (333.46 nm, 329.42 nm, 325.94 nm, and 322.70 nm) 
of the chosen REMPI transition.  
The two laser beams were spatially overlapped in the CH3OH 
beam at a middle position between the repeller and the extractor 
electrode. The electric field polarization direction of the pump laser 
was set to be perpendicular to the time-of-flight axis and that of the 
probe laser was set to be perpendicular or parallel to the axis. The 
images were collected by an imaging detector with dual 40 mm 
diameter multi-channel plates coupled to a phosphor screen. A cooled 
charge coupled device (CCD) camera was used to record the ion 
signals on the phosphor screen using the event counting program35.
4.3 Result 
4.3.1 Ion images 
Fig. 4-4 displays the raw CH3 (v2=0) images (quadrant averaged) 
of CH3OH photodissociation at 157 nm, obtained by accumulating the 
REMPI CH3+ signals over 50,000 laser shots with background 
subtraction. The background was taken using both lasers but without 
the molecular beam. The vertical arrow shows the polarization 
direction of the pump laser. The polarization direction of the probe 
laser was parallel with the arrow for Fig. 4-4A, while the probe laser 
polarization is perpendicular to the image plane for Fig. 4-4B. As can 
be seen, there were two main features of CH3 signals: the outer rings 
and the inner structure. Well resolved anisotropic outer rings were 
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measured in the images and these structures are easily assigned to the 
vibrational states of the partner OH product in the OH+CH3 binary 
dissociation process. The distributions of outer rings were the same 
for the two polarization settings in the experiment, suggesting that the 
outer rings are due to the pump laser. 
Figure 4-4: Raw CH3 images of the CH3 (v2=0) products from the 
photodissociation of CH3OH at 157 nm are probed via the Q branch 
of the 3pz ( 2 22 2A X Acc ccm ) 2+1 REMPI transition: A) The polarization 
of probe laser is parallel to photolysis laser; B) The polarization of 
the probe is perpendicular to photolysis laser, and to the paper plane. 
The double arrow indicates the polarization of the photolysis laser. 
 
From the raw ion images, which are 3D images crushed to 2D, 
the reconstructed images could be obtained by Abel inversion. Fig.
4-5 shows the reconstructed 3D images, in which the polarization 
directions of the pump and the probe lasers were parallel to the arrow 
indicated. The reconstructed images were obtained using the p-Basex 
program36. The outer rings that correspond to the OH partner product 
in different vibrational states for the CH3 product at v2=0, 1, 2, and 3 
in the umbrella vibration mode were very well resolved. As can be 
seen directly in the images, the outer ring structures of the OH 
vibrational excited products corresponding to different CH3 umbrella 
mode excited states are obviously different, indicating a clear 
vibrational state-to-state correlation between the OH and CH3 
products. 
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Figure 4-5: Inverted images of CH3 (v2=0) (A), CH3 (v2=1) (B), CH3 
(v2=2) (C) and CH3 (v2=3) (D) products from photodissociation of 
methanol at 157 nm. The double arrow indicates the polarization 
both of the pump and probe lasers. The rings features correspond to 
the vibrational states of the coincident OH (v) product. 
 
4.3.2 Angular distribution 
Angular distributions of the OH(v)+CH3(v2) channel were 
obtained for the four CH3 internal states by integrating the imaging 
signals over the outer radius region. The overall anisotropy 
parameters were determined by fitting the angular distributions and 
the values were -0.53, -0.70, -0.60, and -0.49 for the different internal 
methyl radical states (v2=0-3), respectively. The large negative 
anisotropy parameters suggest that the OH+CH3 (v2=0-3) dissociation 
channel is a fast dissociation process following a perpendicular 
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electronic excitation. Our results are higher than that of previous 
experiment (E -0.75)20 who measured overall anisotropy parameter 
of all internal states of CH3 product. The E value of CH3 (v2=0) is 
higher than that of the first umbrella mode excited state of CH3 
fragment, indicating that the H-O-C angle of the transition state 
forming CH3 (v2=1) is likely a little smaller than that forming CH3 
(v2=0). With the excitation further increase, less anisotropic results 
were observed. However, there is no significant different for the 
geometry of their transition states. 
4.3.3 Total kinetic energy distribution 
Total kinetic energy distributions in the center-of-mass frame for 
the different CH3 (v2) products were extracted from Fig. 4-5. The 
results were shown for the four individual umbrella mode vibrational 
states of CH3 in Fig. 4-6. The OH vibrational distributions are 
inverted and peak at v=4 for the CH3 ground state and at v=3 for all 
the vibrationally excited states. The maximum quantum number of 
OH extends to v=7 for methyl radical ground state. From Fig. 4-6, the 
vibrational excitation of OH (v) clearly decreases as the CH3 umbrella 
mode excitation increases. The average product kinetic energy, 
<Etrans>, indicates that about 65% of the total available energy37,38 is 
partitioned into the translational degree of freedom for the different 
CH3 (v2=0, 1, 2, and 3) product channels. These results are consistent 
with previous experiments.18,20 
4.3.4 Population and angular distributions by vibrational states 
To extract the correlated vibrational distribution of the OH 
product, a qualitative simulation of the energy distribution was 
carried out. Each rotational peak was simulated in energy space using 
a Gaussian lineshape of fixed energy width. Within one vibrational 
peak, the OH rotational state distribution was assumed to be a 
Boltzmann distribution. The rotational temperature and the intensity 
were varied to fit each vibrational peak. The simulated results were 
also shown in Fig. 4-6. 
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Figure 4-6: The product total kinetic energy distributions (black 
empty circles) derived from the inverted velocity images in Fig.4-5 
for the OH (v)+CH3 (v2) channels. The red lines are the fitting results 
and the blue dash lines are the individual OH vibrational 
components. 
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The fitting error is estimated to be about 10%, which is also reflected 
in the varying (rotational) widths of the vibrational peaks. Spin-orbit 
and lambda doublet splitting are not considered in the fitting.  
 
Figure 4-7: A) Relative vibrational state distribution of the OH 
co-products for different umbrella states of the CH3 (v2) product; B) 
Anisotropy parameter for individual OH vibrational state correlated 
to the four CH3 (v2) states. 
 
The results of the such simulation reveals that the rotational 
excitation is about ~1500 K in the OH (v)+CH3 (v2) channel, which is 
considerably lower than the vibrational excitation of the OH product. 
OH rotational distributions for all the CH3 umbrella mode vibrational 
states are similar, suggesting that the four channels have similar 
transition states in the dissociation. From the simulations, the 
correlated OH vibrational distributions for the four CH3 production 
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states are obtained (Fig. 4-7A). As the excitation of the CH3 umbrella 
mode increases, the peak of the correlated OH vibrational state 
distribution shifts to lower vibrational states. The maximum OH 
vibrational excitation also decreases as the correlated CH3 product 
umbrella vibration excitation increase. This shows clearly that the 
vibrational excitation of the correlated OH product is anti-correlated 
to the CH3 umbrella vibration excitation. The correlated OH 
vibrational distributions are, however, not very smooth distributions. 
One can see clearly that the OH (v=2) vibrational state population is 
noticeably smaller than the neighboring OH vibrational states.  
Anisotropy parameters for the individual OH vibrational state 
products that correspond to the four CH3 states were also obtained 
(Fig. 4-7B). The anisotropy parameters are generally lower for OH 
product with less vibrational excitation. It means that the H-C-O 
angle of transition state increases slightly with internal energy of OH 
increasing. However, no dramatic changes of the anisotropy 
parameters are found.
4.4 Discussion 
In all the images, the inner part signals are both photolysis laser 
(157 nm) and probe laser dependent. This means that the detected 
CH3 product comes from both the photolysis laser and probe laser. In 
the middle part of the inner region an anisotropic p-orbital shape 
appears, which is a shape usually characteristic of dissociative 
ionization, CH3OH Æ CH3+ + OH + e-. This is superimposed over 
what we suggest is CH3 (v2) product with an overall E parameter of 
about 0.65. This part of image for different CH3 (v2) products is 
slightly different. From the images, it is obvious that the CH3 
products have much smaller kinetic energy than that from the 
OH+CH3 product channel. The origin of these slow CH3 products is 
quite intriguing. First of all, these slower CH3 products not produced 
from 157 nm alone, they are the products of both photolysis laser and 
probe laser. Since the probe laser at 333.5 nm can unlikely generate 
any CH3 containing species from CH3OH, 157 nm photolysis of 
CH3OH is the only likely source of CH3 containing species. It is 
known that 157 nm photolysis of methanol can also produce the 
CH3O+H product channel, and the excited CH3O species generated 
could also be dissociated in the wavelength region of the probe laser, 
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yielding CH3 (X2A1,v=0)+O(3P).39,40,41 Such a secondary dissociation 
process can certainly produce slower CH3 products, and with angular 
anisotropy. The slower CH3+ products could also be generated from 
the photodissociation of CH3O+, which is produced from the 
multiphoton ionization of CH3OH by the 157 nm laser42. However, 
the contribution of this possible process to the slower CH3 signals, 
and the ratio of signal strength for CH3 arising from CH3O versus 
CH3OH cannot be evaluated quantitatively. 
Returning to the main CH3OHÆCH3+OH signal, ab initio 
calculations22,23,25 show that there is an avoided crossing between the 
3s and the 157 nm photoexcited 3p surfaces, suggesting that there is 
strong coupling between the two surfaces. Because both the C-O 
bond and the O-H bond are repulsive on the 3s surface, it seems clear 
that once the system undergoes fast internal conversion to the 3s 
surface, C-O bond breaking will be accompanied by high vibrational 
excitation of the OH product. The optical signature of excitation to 
the 3p surface shows that significant vibrational excitation of the 
CH3OH parent molecule takes place, which should be reflected in 
vibrational excitation of the CH3 product. The correlated OH 
vibrational distributions measured here for state selected CH3 (v2) 
products should thus provide a sensitive test for the accuracy of the 
multidimensional potential energy surfaces describing methanol 
photodissociation.
4.5 Conclusion 
The OH+CH3 channel in the photodissociation of CH3OH at 157 
nm was investigated using velocity map imaging of the CH3 
fragments. The main structures of the outer ring signals are assigned 
to the binary OH+CH3 dissociation channel. The correlated OH 
vibrational state distributions for the CH3 (v2=0, 1, 2 and 3) products 
were measured. Large anisotropy parameters were measured for the 
OH+CH3 channel, consistent with a fast dissociation process. The 
inverted OH vibrational distributions are obtained as a consequence 
of the force acting in the crossing from the bound S2 excited state to 
the unbound S1 excited state. The OH vibrational state distributions 
are not very smooth with a dip for the OH (v=2) population. 
Wavefunctions on the ground and excited states will contain nodal 
patterns that could show better or worse overlap for different 
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vibrational states, which means that the Franck-Condon overlap could 
alternate for subsequent vibrational wavefunctions, leading to the 
behavior observed in the experiment. The results also show that a 
significant amount of the total available energy was deposited into the 
translational energy and that the product rotational temperature of the 
OH product is about 1500 K. In addition to the OH+CH3 binary 
dissociation channel, slower CH3 products were also observed and 
were attributed to a secondary photodissociation process. 
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 Chapter 5 
Imaging CH3SH Photodissociation  
at 204 nm: The SH+CH3 Channel 
Abstract
The SH+CH3 product channel for the photodissociation of 
CH3SH at 204 nm was investigated using the sliced velocity map ion 
imaging technique with the detection of CH3 products using state 
selective (2+1) resonance enhanced multiphoton ionization (REMPI). 
Images were measured for CH3 formed in the ground and excited 
vibrational states (v2=0, 1 and 2) of the umbrella mode from which 
the correlated SH vibrational state distributions were determined. The 
vibrational distribution of the SH fragment in the SH+CH3 channel at 
204 nm is clearly inverted and peaks at v=1. The highly negative 
anisotropy parameter of the CH3 (v2=0, 1 and 2) products is 
indicative of a fast dissociation process for C-S bond cleavage. Two 
kinds of slower CH3 products were also observed (one of which was 
partly vibrationally resolved) that are assigned to two-step 
photodissociation processes, in which the first step is the production 
of the CH3S (X 2E) radical via cleavage of the S-H bond in CH3SH, 
followed by probe laser photodissociation of nascent CH3S radicals 
yielding CH3(X 2A1 ,v2=0-2)+S(3Pj/1D) products.   
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5.1 Introduction  
Natural sources of sulfur compounds (CH3SH, CH3SCH3, and 
CH3SSCH3) are significant contributors to the total atmospheric 
sulfur budget1, which is comparable in magnitude to the industrial 
rate of emission of sulfur (mainly as SO2). Methyl mercaptan (CH3SH) 
is one of the most important sulfur compounds both in the 
atmospheric chemistry and industry. Its ultraviolet (UV) photolysis 
processes have attracted a considerable amount of interest for more 
than 70 years. 
 
Figure 5-1: Absorption cross sections of methyl mercaptan at room 
temperature.2 
 
The near UV electronic spectrum3 (Fig. 5-1) of CH3SH shows 
two absorption bands, a broad band centered around 235 nm and a 
more prominent peak centered around 204 nm, correlating to the 
excitation to its first two excited singlet states. 
The photoexcitation and subsequent dissociation of methyl 
mercaptan in the first and second absorption bands has been the 
subject of extensive experimental and theoretical study. Many 
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photolysis studies have been carried out and have led to the 
conclusion that the predominant primary fragmentation path induces 
S-H rupture, rather than C-S rupture, even though C-S bond cleavage 
is the energetically more favorable pathway. 
CH3SH ( 1X Ac ) + hQ Æ CH3SH ( 12 Acc )                       
Æ CH3S ( 2X E ) + H ( 2S )   85.96 kcal/mol   (1) 
Æ CH3 ( 2 1X A )+ SH ( 2X 3 ) 72.58 kcal/mol   (2) 
In 1969, Sturm and White4 reported the wavelength-dependent 
photodissociation of methyl mercaptan at 253.7, 228.8, 213.8, and 
184.9 nm by measurement of the average initial kinetic energies of 
the primary H atom products. The strong enhancement of internal 
energy excitation observed to occur between 213.8 and 184.9 nm may 
indicate that another electronic excited state ( 12 Acc ) becomes 
important and leads to highly excited methylthio (CH3S) radical. 
Using a conventional photofragment translational spectrometer and 
mass spectrometric techniques, Butler et al.5,6,7 have investigated 
methyl mercaptan photodissociation at several standard excimer laser 
wavelengths (248, 222, and 193 nm). Their results reveal that the C-S 
rupture starts to become significant at photolysis wavelengths below 
~220 nm, assigned to excitation to the second excited singlet state 
(the 12 Acc state) of CH3SH. Resonance Raman studies indicate that the 
earliest dynamics involve motion primarily in the C-S coordinate on 
the 12 AccPotential Energy Surface (PES), where the equilibrium C-S 
bond length is longer than that in the ground state. The highly 
anisotropic photofragment angular distributions measured in crossed 
laser—molecular beam experiments5,6 show that both C-S and S-H 
fission processes occur on a sub-picosecond time scale upon 
excitation in both the first and second absorption bands. Using H 
Rydberg atom photofragment translational spectroscopy, Wittig and 
co-workers8 confirmed that the partner CH3S fragments formed in 
the 248 nm photolysis of CH3SH are vibrationally cold, while those 
formed as a result of photolysis at 193 nm carry high (up to v3=17) 
levels of C-S stretching excitation. Ashfold et al.9 reinvestigated 
methyl mercaptan in the whole wavelength range of the first two 
excited states by the same technique as Wittig. With higher resolution 
not only the CH3S (v3) vibrational structure was obtained, but also a 
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complicated secondary process was resolved. The observation of H 
atoms resulting from secondary photolysis of SH fragments indicates 
increased competition from the alternative C-S bond fission channel 
at shorter excitation wavelengths. 
Early ab initio calculations on CH3SH by Rauk10 determined 
that the first 1Acc state (i.e. the 11 Acc state) is of mixed Rydberg-valence 
character, and primarily valence, while the second 1Acc state (i.e. 
the 12 Acc state) is primarily Rydberg in nature. Simple diabatic 
correlation diagrams indicate that the 11 Acc potential energy surface is 
dissociative in both C-S and S-H coordinates, consistent with the 
broader continuous character of the first absorption band of CH3SH, 
while the 12 Acc surface is bound (in the adiabatic picture) in both 
bonds. Further confirmation is provided by computations of the 
relevant surfaces by Mouflih et al.11,12 
Stevens et al. 13  calculated the ground, first and 
second 1Acc potential energy surfaces of methyl mercaptan using the ab 
initio effective valence shell Hamiltonian (Hv) method. A C-S exit 
coordinate barrier, arising from an avoided crossing between the two 
excited states, offers an explanation for the preferred S-H bond 
fission following excitation to the Franck-Condon region of 
the 11 Acc surface. Although high excitation energies in the first 
absorption band provide the molecule with enough energy to 
surmount the barrier, forces in the Franck-Condon region still drive 
the molecule toward S-H bond fission and not toward C-S bond 
fission. Stevens et al.14 also created an adiabatic model for the 
photodissociation of CH3SH in the first ultraviolet absorption band 
and their simulation results were reasonably consistent with 
experimental studies. 
The dynamics on the 12 Acc surface is much more complicated. 
Yarkony15,16 reported the existence of conical intersections between 
the excited 11,2 Acc PESs near the Franck-Condon region using a 
multi-configuration self-consistent field method. Excitation to the 
bound state ( 12 Acc ) was found to rapidly leak to the lower dissociative 
state ( 11 Acc ) via the conical intersection, which then dissociates. 
Recently Bañares et al.17,18 investigated the SH+CH3 channel for 
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the photodissociation of CH3SH in the first and second absorption 
bands using the velocity map imaging technique. Vibrational 
populations of the SH counter-fragment resulting from 
photodissociation have been deduced from the analysis of the CH3 
(v=0) kinetic energy distributions detected by resonance-enhanced 
multiphoton ionization (REMPI). On the 12 Acc surface photoexcitation 
results in a pure perpendicular transition (ȕ= -1), and the SH 
counter-fragments are vibrationally excited, showing a population 
inversion. Photodissociation on the 11 Acc surface shows a smaller yield 
into the SH+CH3 channel, little SH internal excitation, and a high 
anisotropy (ȕ~ -1). All the observations are consistent with theoretical 
predictions. A two-step photodissociation process has been clearly 
observed on the 11 Acc surface, where the first step corresponds to the 
production of CH3S radicals via cleavage of the S-H bond in CH3SH, 
followed by photodissociation of the nascent CH3S radical, yielding 
CH3+S. 
Information on the correlation between the vibrational levels of 
the SH and CH3 products has not been obtained thus far for CH3SH 
photodissociation. Such product pair correlations measurements has 
been shown by Gericke19, Wodtke20, Liu21 and Chen22 to carry 
insightful imprints of the concerted motions of atoms upon old bond 
rupture and new bond formation in chemical reactions. Similar 
insights into photodissociation processes can be expected, but in both 
cases a quantitative interpretation is contingent on the availability of 
accurate potential energy surfaces.
In this work, we improve the resolution of the earlier studies on 
the SH+CH3 channel for photodissociation of CH3SH at 204 nm 
using sliced velocity map ion imaging technique. The CH3 product 
was measured using (2+1) REMPI detection. In combination with 
sliced velocity map ion imaging, this allows us to probe the CH3 
vibrational state specific dissociation dynamics as well as the 
state-to-state correlation between SH(v) and CH3(v2) in the CH3SH 
photodissociation at 204 nm. The images also provide a more detailed 
picture of CH3S secondary dissociation, where the production of 
CH3S radicals results from cleavage of the S-H bond in CH3SH, 
followed by probe laser induced photodissociation of the nascent 
CH3S radicals. 
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5.2 Experimental Methods  
CH3SH photodissociation at 204 nm was studied using a sliced 
velocity map ion imaging apparatus,23 ,24 , 25 , 26 ,27  which has been 
described in Section 2.3.28 The design of the ion optics is similar to 
that reported by Liu et al.27 Briefly, the ion optics set is composed of 
31 circular plates [outer diameter 60 mm, opened inner diameter 40 
for most of the plates, and 1mm thick] with a weak field region and a 
strong field region. An ion-focusing system was designed with a 
transition from a low field region (~24.7 V/cm) to a high field (~54 
V/cm), and the focusing condition can be achieved by simply varying 
the ratio of field strengths between the two regions. A pulsed valve 
(General valve, Series 9) equipped with a 0.5 mm nozzle produced a 
~100 ȝs pulsed molecular beam (~1% CH3SH seeded in He) at 1 bar 
stagnation pressure. At a distance of 22 mm downstream from the 
nozzle, the expanded beam passes through a skimmer with a 1 mm 
diameter aperture. About 55 mm downstream from the nozzle the 
collimated beam passed through a 2 mm hole in the first electrode 
plate and propagated further along the axis of the 500 mm long 
time-of-flight tube of the ion imaging detector.
The CH3SH molecular beam was intercepted by a 204 nm laser 
beam, which was generated by a tripled output of a tunable dye laser 
(Lambda Physics LPD3000) pumped by a XeCl excimer laser 
(Lambda Physics LPX200) with 10 Hz repetition rate. In order to 
avoid multiphoton complications, only about 0.1 mJ/pulse of the 204 
nm photolysis light was focused into the CH3SH beam with a lens of 
35 cm focal length. The resulting methyl radical fragments were 
photo-ionized about 20 ns later by a probe laser beam produced by 
doubling the output of a tunable dye laser (Radiant Narrowscan), 
which was pumped by the second harmonic of a Continuum Nd:YAG 
laser. The ground state methyl radical was probed on the strong Q 
branch of the 000  band [two different (2+1) REMPI transitions were 
used, one through 3pz~333.46 nm and the other through 4pz~286.50 
nm]. The higher lying umbrella modes (probed on the 112 ~329.42 nm 
and 222 ~325.94 nm bands) were measured as well.
29,30 About 2 mJ 
of the probing laser was focused into the CH3SH photolysis region 
using a second 35 cm focal length lens. During image acquisition, the 
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probe laser was fixed at the peak wavelengths of the chosen REMPI 
transition. 
The two laser beams were spatially overlapped in the CH3SH 
beam at the middle position between the third and the fourth electrode, 
80 mm downstream from the nozzle. The electric field polarization 
direction of the pump laser was set to be perpendicular to the 
time-of-flight axis. The images were collected by an imaging detector 
with dual 40 mm diameter Chevron multi-channel plates (MCP) 
coupled to a phosphor screen. The CH3 product ion bunch produced 
by the UV laser pulse was expanded to about 200 ns in the ion optics 
before reaching the MCP detector. A time slicing window of about 40 
ns was applied on the front MCP in order to obtain the sliced images. 
A cooled charge coupled device (CCD) camera was used to record the 
ion signals on the phosphor screen using an event counting program31. 
The detector was calibrated with the O+ ions from the multiphoton 
dissociation/ionization of O2 at 224.999 nm32. 
5.3 Result and Discussion 
5.3.1 Ion images 
Fig. 5-2 displays the raw CH3 fragment images of CH3SH 
photodissociation at 204 nm, obtained by accumulating the REMPI 
CH3+ signals over 60,000 laser shots with background subtraction. 
The background was taken using both lasers but without the 
molecular beam. All observed signals are pump-probe and molecular 
beam dependent. No significant effects were observed on the raw 
images when the polarization of the probe laser was rotated, which is 
consistent with the observations of the previous experiment18. 
Fig. 5-2A and Fig. 5-2B show the results of ground state methyl 
radical detection via 3pz and 4pz, respectively. The higher lying 
umbrella modes (v2=1 and 2) are displayed in Fig. 5-2C and Fig.
5-2D. The vertical arrow shows the polarization direction of the pump 
laser. The polarization direction of the probe laser was perpendicular 
with the pump polarization and the image plane for all the images in 
Fig. 5-2.  
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Figure 5-2: Raw images of CH3 (v2=0~3pz) (A), CH3 (v2=0~4pz) (B), 
CH3 (v2=1~3pz) (C) and CH3 (v2=2~3pz) (D) products from 
photodissociation of methyl mercaptan at 204 nm. The double arrow 
indicates the polarization of the pump laser. The rings features 
correspond to the vibrational states of the coincident SH(v) product. 
 
As can be seen, there are two main features of the CH3 signals: 
the outer rings and the inner structure. Well resolved anisotropic outer 
rings were measured in the images and these structures are easily 
assigned to the vibrational states of the partner SH product in the 
SH+CH3 binary dissociation process. The distributions of outer rings 
were the same for the two REMPI detection schemes in the 
experiment—Fig. 5-2A and Fig. 5-2B, suggesting that the outer rings 
are due to the pump laser and independent on the probe laser 
wavelengths. For the inner part, a significant difference between the 
two images with the two detection transition states, 3pz and 4pz, was 
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observed. By comparing the two images, it is quite clear that the 
distribution of the inner part is dependent on the probe laser. In 
addition, the ions appearing in the center part of the image appear to 
result from a dynamical process which involves one (or more) 
photons from both the pump laser and the probe laser. 
5.3.2 One step photodissociation 
5.3.2.1 Angular distribution 
Figure 5-3: Anisotropy parameters for individual SH vibrational 
states correlated to all the CH3 (v2) states. 
 
Angular distributions of the one step photodissociation, 
SH(v)+CH3 (v2) channel, were obtained for all the CH3 internal states 
by integrating the images over the mainly outer radius region (v=0-3 
for SH vibrational states). The overall anisotropy parameters were 
determined by fitting the angular distributions. The anisotropy 
parameters were close to the limiting value, -1, indicating a purely 
perpendicular transition process for producing CH3 ground state and 
its first umbrella excited state. The E = -0.95 of CH3 (v2=2) is 
slightly less anisotropic than that of the ground and first umbrella 
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mode excited state of the CH3 fragment. Our results are consistent 
with that of previous experiments (E = -1) 17,18.  
Anisotropy parameters for the individual SH vibrational state 
products corresponding to the CH3 states were also obtained (Fig.
5-3). The ȕ reduces somewhat in magnitude from its limiting value as 
the vibrational excitation in the SH fragment increases, which might 
mean that the H-S-C angle (103 degree33) of the transition state is 
slightly larger with increasing SH internal energy. The highly 
negative anisotropy parameters again suggest that the SH+CH3 
(v2=0-2) dissociation channel is a fast dissociation process following 
a perpendicular electronic excitation. 
5.3.2.2 Total kinetic energy distributions 
From the images in Fig. 5-2, the outer rings that correspond to 
the SH partner products in different vibrational states for the CH3 
product at v2=0, 1, and 2 in the umbrella vibration mode were very 
well resolved. As can be seen directly in the images, the outer ring 
relative intensities of the SH vibrational excited states are slightly 
different, indicating a vibrational state-to-state correlation between 
the SH and CH3 products. 
Total kinetic energy distributions in the center-of-mass frame for 
the different CH3 (v2) products were extracted from Fig. 5-2. The 
results are shown for the individual umbrella mode vibrational states 
of CH3 in Fig. 5-4. The SH vibrational distributions are inverted and 
peak at v=1 for all the measured CH3 internal states. The vibrational 
excitation of SH(v) slightly decreases as the CH3 umbrella mode 
excitation increases. The average product kinetic energy, <Etrans>, 
indicates that about 78% ( 000 ~77.9% and 77.5%, 
1
12 ~79.4%, and 
2
22 ~80.1%) of the total available energy is partitioned into the 
translational degree of freedom for the different SH+CH3 (v2=0, 1, 
and 2) product channels. 
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Figure 5-4: The product total kinetic energy distributions (black open 
circles) derived from the velocity images in Figure 5-2 for the SH 
(v)+CH3 (v2) channels. The red lines are the fitting results and the 
blue dash lines are the individual SH vibrational components. The 
detail description of the green box shows in Figure 5-6. 
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The result is consistent with previous theoretical and experimental 
work.4,5,8,15-17 For the inner part of the v2=0 image, a set of finely 
structured rings were observed as shown in Fig. 5-4A and Fig. 5-2A.  
This region of the data is shown on an expanded scale in Fig. 5-6. 
This feature will be discussed later in this chapter. 
5.3.2.3 Population by vibrational states 
 
Figure 5-5˖Relative vibrational state distributions normalized to SH 
(v=0) of the SH co-products for different umbrella states of the CH3 
(v2) product.  
To extract the correlated vibrational distribution of the SH 
product, a qualitative simulation of the energy distribution was 
carried out. Each rotational peak was simulated in total kinetic energy 
space using a Gaussian lineshape of fixed energy width. Within one 
vibrational peak, the SH rotational state distribution was assumed to 
be a Boltzmann distribution. The rotational temperature and the 
intensity were varied to fit each vibrational peak. The simulated 
results are also shown in Fig. 5-4. The fitting error is estimated to be 
about 10%, which is also reflected in the varying (rotational) widths 
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of the vibrational peaks. Spin-orbit and lambda doublet splitting are 
not considered in the fitting. 
From the simulations, correlated SH vibrational distributions for 
all the CH3 production states are obtained (Fig. 5-5). The SH 
vibrational excitation distributions remain the similar form, peaked at 
v=1 and extended to v=5, for all detected internal states of the CH3 
partner. As the excitation of the CH3 umbrella mode increases, the 
correlated SH vibrational state distribution shifts slightly to lower 
vibrational states. This shows that the vibrational excitation of the 
correlated SH product is slightly anti-correlated to the CH3 umbrella 
vibrational excitation, which is different from our previous work on 
CH3OH34. The OH distribution of CH3OH photodissociation at 157 
nm on its second singlet excited state ( 12 Acc ) is clearly anti-correlated 
to the CH3 umbrella vibration excitation. 
The results of the simulations reveal that the SH rotational 
excitation is about ~700 K in the SH(v)+CH3 (v2) channel. The SH 
rotational distributions for all the CH3 umbrella mode vibrational 
states are similar, suggesting that the three channels have similar 
transition states in the dissociation. 
5.3.3 Two step dissociation I 
In all the images in Fig. 5-2 there are signals at low velocity, the 
inner structures, the “green box” in Fig. 5-4, that depend on the 
presence of both the photolysis and probe lasers. The inner rings in 
the images are thought to arise from secondary photodissociation of 
CH3S by the probe laser, some insight into the photofragmentation 
dynamics in this region of the images may be obtained by 
investigating the dependence of this region of the images on probe 
wavelength. The results of these experiments are shown in Fig. 5-2A 
and 5-2B . 
It is well known that photolysis of methyl mercaptan at 204 nm 
produces CH3S+H as the main channel. The 3pz probe photon energy 
is above the threshold of the CH3S+ hQ ÆCH3+S(3Pj) predissociation 
process35,36,37. In our experiments, the CH3S species thus formed can 
be further dissociated by a probe photon as shown in Fig. 5-2A. We 
carried out an experiment to probe the same initial internal vibrational 
state (ground state) of CH3 products by ionizing CH3 via the higher 
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energy 4pz intermediate state shown in Fig. 5-2B. Not only the 
velocity but also the anisotropy of the inner signal is obviously 
different using this probe, indicating that the two signals arise from 
different dynamic process. The average kinetic energy of the products 
appearing in the inner part of the image when detecting through the 
4pz ~286.50 nm state is much lower than that when going through 
3pz~333.46 nm. With higher energy for secondary photodissociation 
and the same detected internal energy state of CH3, the photon from 
the 4pz transition can lead to formation of CH3+S(1D), which will 
have lower velocities since much of the available energy is taken up 
in electronic excitation of the S atom. Both the location and range of 
the product kinetic energy agree with this deduction. 
 
Figure 5-6: Magnification of range of the total kinetic spectra 
indicated by the green square in Figure 6-3A and the related inner 
part of the CH3 (v2=0~3pz) image shown in Figure 5-2A. 
 
5.3 Result and Discussion 
83
Using the 3pz detection scheme, structures in the secondary CH3 
product channel were resolved, as shown in Fig. 5-6. The peaks could 
be assigned as photodissociation resulting from different initial CH3S 
internal energy states created via the 204 nm photodissociation step. 
During the CH3S+H step, the main vibrational mode, v3 (C-S stretch) 
excitation of the CH3S fragment, is highly excited by 
photodissociation at 204 nm. Ashfold et al.9 showed that the v3 mode 
was well-resolved up to v3=11 and extended to higher excitation 
where the signals begin to overlap each other. Our observed signal 
range (covering about ~8000 cm-1) agrees with that reported by the 
Ashfold group.  
The well resolved signal for the secondary photodissociation is 
reasonable. First of all, the recoil speed of CH3S is rather small as the 
hydrogen atom carries most of the kinetic energy for the CH3S+H 
process. There is enough energy space (~727 cm-1)38 for different 
CH3S(v3) states. More available energy partitioned into CH3S internal 
energy for the CH3S+H step results in less recoil speed for CH3S , 
which is why the higher v3 quantum number signal is better resolved. 
Even with the primary (SH+CH3) and secondary (CH3+S) 
photodissociation signals somewhat overlapping each other, the 
mentioned secondary photodissociation remains observable. 
For the excited umbrella mode CH3 detection via the 3pz 
intermediate state, analogous fine structure could be partly recognized 
in the images Fig. 5-2C and Fig. 5-2D. However, the signal is too 
weak to be resolved in the kinetic energy spectrum, since the 
branching ratios are quite small compared with CH3 (v2=0) product 
signal.  
5.3.4 Two step dissociation II 
The origin of the very lowest velocity and anisotropic CH3 
products detected via 3pz seen in the middle of the image is quite 
intriguing. The kinetic energies are very small, near to zero. The 
center CH3+ products could be generated from multiple photon 
processes associated with the molecular beam. The feature almost 
disappeared in the 4pz experiment, or moves to higher energy, 
overlapping the CH3S+ hQ ÆCH3+S(1D) photodissociation signal. 
These slowest CH3+ products are not produced from 204 nm alone, 
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they are the products of both the photolysis and probe lasers. It is 
possible that a similar secondary methyl radical process is involved, 
as mentioned above, and a large amount of available energy is 
partitioned into the internal energy of the fragments, for example via 
the CH3+S(1D) channel. Since the probe laser photon energy via the 
3pz transition state can unlikely generate any S(1D) containing species 
from ground state CH3S, the process should be S(1D) fragments 
arising from photodissociation of highly vibrationally excited CH3S, 
at least v3>5. Such a secondary dissociation process can certainly 
produce such slower CH3 products, and with angular anisotropy. 
However, the contribution of this possible process to the CH3 signals, 
and the ratio of signal strength for CH3 arising from CH3S versus 
multiple photon processes cannot be evaluated quantitatively.
Returning to the primary processes SH+CH3 and CH3S+H, PESs 
of the ground and the first two singlet excited states are available 
from ab initio calculations13, which can explain the photodissociation 
mechanism quite well. Stevens14 simulated the dynamics of CH3SH 
photodissociation on the dissociative PES ( 11 Acc ) using the model 
mentioned in our introduction, which qualitatively agree with 
experiment in terms of absorption spectrum, product branching, and 
internal energy (the SH and CH3S photoproducts are vibrationally 
relatively cold). For the 12 Acc surface, Yarkony15 demonstrated the 
existence of a surface of conical intersections between 
the 11 Acc and 12 Acc  surfaces. With this strong nonadiabatic coupling, 
both C-S and S-H fission processes occur on a sub-picosecond time 
scale on excitation to the 12 Acc  surface, despite the fact that excitation 
is to a surface that is bound in both bond fission coordinates. The C-S 
and S-H bond distances16 are calculated at the conical intersection 
point, which were stretched and compressed by 0.14 a0 and 0.10 a0, 
respectively (compared to the experimental values39). Thus, the initial 
forces on the molecule immediately following excitation are expected 
to extend the C-S bond. Although preferential S-H fission is still 
observed following excitation to the 12 Acc surface, the initial impetus 
to C-S motion enhances the branching to C-S fission. On the other 
hand, a considerable amount of available energy still goes into SH 
product internal energy, resulting in inverted vibrational distribution. 
In our experiment, the correlated SH vibrational distributions 
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measured for state-selected CH3 (v2) products should eventually thus 
provide a sensitive test of the accuracy of the multidimensional 
potential energy surfaces describing methyl mercaptan 
photodissociation. 
5.4 Conclusion 
The SH+CH3 channel in the photodissociation of CH3SH at 204 
nm was investigated using sliced velocity map ion imaging of the 
CH3 fragments. The main structures of the outer ring signals in the 
images are assigned to the binary SH+CH3 dissociation channel. The 
correlated SH vibrational state distributions for the CH3 (v2=0, 1, and 
2) products were measured. Highly negative anisotropy parameters 
were observed for the SH+CH3 channel, consistent with a fast 
dissociation process. The inverted SH vibrational distributions are 
obtained as a consequence of the force acting in the crossing from the 
bound 12 Acc excited state to the unbound 11 Acc excited state. The results 
also show that a significant amount of the total available energy was 
deposited into the translational energy. In addition to the SH+CH3 
binary dissociation channel, two kinds of slower CH3 products were 
also observed and were attributed to secondary photodissociation 
processes. 
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Summary
This thesis describes selected experimental studies on 
photodissociation of polyatomic molecules — CO2, CH3OH and 
CH3SH.
In Chapter 1 and Chapter 2, the background physics, the main 
aspects of velocity map imaging and the experimental apparatus used 
for photodissociation studies are introduced. 
Chapter 3 presents the results of CO2 photodissociation at 157 
nm. For its complex excited electronic structures, CO2
photodissociation dynamics is a challenging subject. Especially its 
spin forbidden non-adiabatic dissociation process is an important 
problem in the vacuum ultraviolet (VUV) region. CO vibrational 
level results were obtained for the first time. Well-resolved broad CO 
co-product vibrational distributions with relatively cold rotational 
distributions are observed, with minor but consistent differences for 
each spin-orbit channel, where j=0 and 2 show similar behavior 
compared to j=1. The overall anisotropy parameters are consistent 
with a direct and fast dissociation process by a parallel excitation. For 
each j state, the anisotropy parameters decrease slightly as the CO 
internal energy increases. These detailed correlated product results 
should provide a very good ground to understand the multiple 
surfaces crossing mechanism. 
Chapter 4 shows the CH3(v2)+OH(v) channel formed by 
CH3OH photodissociation at 157 nm. For the first time, vibrational 
level state correlation was observed for the CH3(v2)+OH(v) channel. 
The vibrational distribution of the OH fragment is inverted and is not 
very smooth with a dip for the OH (v=2) population. A slower CH3
product channel was also observed, that is assigned to a two-step 
photodissociation process, in which the first step is the production of 
CH3O(X
2E) radical via cleavage of the O-H bond in CH3OH, 
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followed by probe laser photodissociation of the nascent CH3O
radicals yielding CH3(X
2A1,v=0) products. 
Chapter 5 describes the SH+CH3 product channel for the 
photodissociation of CH3SH at 204 nm. The correlated SH 
vibrational state distributions for the CH3 (v2=0, 1 and 2) products 
were measured. Highly negative anisotropy parameters were 
observed for the SH+CH3 channel, consistent with a fast dissociation 
process. The inverted SH vibrational distributions are obtained as a 
consequence of the force acting in the crossing from the bound 12 Acc
excited state to the unbound 11 Acc excited state. The results also show 
that a significant amount of the total available energy was deposited 
into the translational energy. Similar with CH3OH, two kinds 
two-step dissociation processes were observed (one of which was 
partially vibrationally resolved).
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Samenvatting
Dit proefschrift beschrijft geselecteerd experimenteel onderzoek aan 
fotodissociatie van polyatomaire moleculen — CO2, CH3OH en 
CH3SH.
In Hoofdstuk 1 en Hoofdstuk 2 wordt een inleiding gegeven van 
de natuurkundige achtergrond, de belangrijkste aspecten van velocity 
map imaging en de experimentele apparatuur.
Hoofdstuk 3 presenteert de resultaten voor fotodissociatie van 
CO2 op 157 nm. Vanwege haar complexe elektronische toestanden is 
de studie van CO2 fotodissociatie dynamica een uitdagend onderwerp. 
Vooral het spin-verboden niet-adiabatische dissociatieproces is een 
belangrijk probleem in het vacuüm ultraviolet (VUV) gebied. Voor de 
eerste keer zijn hier vibrationeel opgeloste resultaten waargenomen 
voor CO. Van het CO co-product zijn goed opgeloste vibrationele 
verdelingen met relatief koude rotationele verdelingen waargenomen, 
met kleine maar consistente verschillen voor elk spin-baan kanaal, 
waarbij j=0 en 2 soortgelijk gedrag vertoont vergeleken met j=1. De 
algehele anisotropieparameters komen overeen met een direct en snel 
dissociatieproces via een parallelle excitatie. Voor elke j toestand 
dalen de anisotropieparameters licht naarmate de inwendige energie 
van CO toeneemt. Deze gedetailleerde gecorreleerde 
productverdelingen leveren een zeer goede basis om het crossing 
mechanisme via meerdere oppervlakken te begrijpen. 
Hoofdstuk 4 toont het CH3(v2)+OH(v) kanaal gevormd door 
CH3OH fotodissociatie op 157 nm. Voor de eerste keer zijn 
vibrationele correlaties verkregen voor het CH3(v2)+OH(v) kanaal. De 
vibrationele verdeling van het OH-fragment is geïnverteerd en is niet 
erg glad met een dip in de bezetting van OH(v=2). Een langzamer CH3
productkanaal werd ook waargenomen, die wordt toegewezen aan een 
tweestaps fotodissociatieproces, waar in de eerste stap de productie 
van het CH3O(X
2E) radicaal plaatsvindt via splitsing van de 
O-H-binding in CH3OH, gevolgd door fotodissociatie van de ontstane 
CH3O radicalen door de probe laser in CH3(X
2A1,v = 0) producten.
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Hoofdstuk 5 beschrijft het SH+CH3 productkanaal voor de 
fotodissociatie van CH3SH op 204 nm. De gecorreleerde SH 
vibrationele verdelingen voor de CH3 (v2= 0, 1 en 2) producten werden 
gemeten. Zeer negatieve anisotropieparameters werden waargenomen 
voor het SH+CH3 kanaal, consistent met een snel dissociatieproces. De 
geïnverteerde SH vibrationele verdelingen zijn verkregen als gevolg 
van de kracht die optreedt bij de oversteek van de gebonden 12 Acc
aangeslagen toestand naar de ongebonden 11 Acc aangeslagen toestand. 
Uit de resultaten blijkt ook dat een aanzienlijke hoeveelheid van de 
totale beschikbare energie in translationele energie was omgezet. Net 
als bij CH3OH werden twee soorten tweestaps dissociatieprocessen 
waargenomen (waarvan er één gedeeltelijk vibrationeel was opgelost).
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